mechanisms similar to those generating cell diversity
by Pax6 expression in the double mutants, which showed mutants (Gavalas et al., 1997) . Here, we generated a a lack of boundaries between r1 and r4 but not between Hoxb2-targeted mutation and analyzed single and dour4 and more posterior segments ( Figure 4F ). It is noteble Hoxa2
Ϫ/Ϫ
/Hoxb2
Ϫ/Ϫ mutants to assess the function worthy that expression of EphA4 in r3 and Pax6 in r4 of these genes in early neurogenesis. While r3-r5 segwere still segmentally restricted, even in the absence of mentation appears normal, we revealed a requirement r1 through r4 boundaries ( Figures 2J and 4F ). in patterning interrhombomere boundaries. Moreover,
The spatial distribution of PLZF in the r2-r3 region of Hoxa2 and Hoxb2 have distinct and restricted functions double mutants was altered, resembling the normal r1 along both the A-P and the D-V axes during hindbrain neurogenesis.
pattern: there was homogeneous ventrolateral staining, is normally expressed in a dorsal region throughout the throughout the r1-r3 region, indicating downregulation in r2 and r3 ( Figures 4D and 4E ). The r1/r2 boundary rostrocaudal extent of the hindbrain neuroepithelium ( Figure 4A ; Goulding et al., 1993) . In mutant hindbrains, was absent (see also Gavalas et al., 1997) . Strikingly, in double mutants, there was an almost complete absence Pax3 expression was not significantly altered ( Figures  4B and 4C ). The main difference was a ventral shift in of Pax6 expression in r3 ( Figure 4F ). Expression of the bHLH transcription factor Mash1 ( Figure 5C ) revealed the border of Pax3 expression toward the fp. In single Hoxa2 Ϫ/Ϫ and, more prominently, double mutants, there that Pax6 downregulation in r2-r3 is not due to a massive loss of neuronal precursors. was a reduction in the number of ventral nonexpressing cells within the r2-r3 region (compare double headed These results indicate that Hoxa2 is required to maintain high levels of Pax6 expression in r2 and r3 and that arrows). This suggests abnormalities in the ventrolateral patterning of the r2-r3 region. in r3, the lack of Hoxa2 can be partially compensated by Hoxb2. At 10.5 dpc, Pax6 is expressed in dividing cells in a broad ventrolateral domain, excluding the fp and the adjacent region ( Figure 4D ). This domain partially overlaps with the ventral border of the Pax3 expression doRhombomere-Specific Changes in Patterns of Neurogenesis main, extending further ventrally (Goulding et al., 1993) . Pax6 labels two longitudinal columns, with higher exWe next investigated the hindbrain distributions in single and double mutants of bHLH transcription factors, pression levels in the r2-r6 region than in r1 ( Figure 4D ), suggesting that rhombomere-specific factors establish/ which have been shown to regulate distinct steps of neurogenesis (Kageyama and Nakanishi, 1997). We anamaintain such differences. Rhombomere boundaries are weakly labeled, allowing easy identification of their posilyzed the expression of a mammalian ac-sc homolog, Mash1, which is expressed in subsets of neuronal pretion. In Hoxb2 Ϫ/Ϫ mutants, Pax6 expression in the r1-r3 region was unchanged (data not shown). In contrast, cursors in both the CNS and peripheral nervous system (PNS) (Lo et al., 1991; Guillemot and Joyner, 1993; Ma Pax6 expression was altered in both single Hoxa2 Ϫ/Ϫ and double mutants (Figures 4E and 4F) . In Hoxa2 Ϫ/Ϫ et al., 1997). In the wild-type hindbrain, Mash1 was expressed in broad longitudinal columns, subdividing the mutants, Pax6 was expressed at similar low levels Mash1-expressing cells, just adjacent to the fp, appeared thinner than in wild type. It was reduced along its dorsal margin, resembling the column present in r2. In addition, Mash1 expression appeared more homogeneous in the dorsal aspect of mutant r4 ( Figure 5B,  brackets) .
We also examined the expression of the atonal-related gene MATH-3 (Takebayashi et al., 1997) . Its avian homolog, NeuroM, is expressed in postmitotic cells at the edge of the ventricular zone preceding migration to the outer layers (Roztocil et al., 1997) . In wild-type flatmounts at 10.5 dpc, MATH-3 was expressed in two (Figthe fp (Figure 5A, arrows) . However, expression in the ures 5A and 5G). Dorsally, there was a stripe in r2 and r1 ventral half was more homogeneous. In addition, the more caudal rhombomeres ( Figure 5G ). Ventrally, ngn2 Mash1 dorsal pattern in r4 was clearly distinct from that expression was restricted to two columns ( Figure 5G , in r1-r3 and r5 ( Figure 5A, bracket) . arrows), with the more medial one displaying narrower In Hoxa2 Ϫ/Ϫ hindbrains, a striking reorganization of and higher ngn2 expression in r2-r5 than in r1. The Mash1-expressing cells was observed in the r2-r3 readjacent ngn2-positive column was much thinner but gion, resembling the normal r1 pattern ( Figure 5C ). The also displayed higher expression levels in r2-r5 comr1-like distribution of Mash1-expressing cells displayed pared with r1. Interestingly, unlike Mash1 and MATH-3, a sharp caudal limit at the r3/r4 border, whereas expresngn2 expression appeared to be largely excluded from sion in r4 was apparently normal, and the hindbrain ventral precursors ( Figures 5A, 5D , and 5G). In r4, the morphology rostral to r4 appeared as a caudally exventral edge of this stripe displayed a characteristic tended r1. In contrast, in Hoxb2 Ϫ/Ϫ mutants, specific indentation that appeared to frame the ventral expresalterations of Mash1 expression were found in r4 but sion domain of several motor neuron-specific markers, including Nkx2.2, Phox2b, Hoxb1, and Isl1 (Figures 5G, not in r2-r3 ( Figure 5B ). The r4 ventralmost column of Specific changes in ngn2 expression were found at Nkx2.2 expression at 10.5 dpc is restricted to two stripes of ventral precursors, including presumptive mo-10.5 dpc in Hoxa2 Ϫ/Ϫ mutants ( Figure 5I ). In the r2-r3 territory, ngn2 expression levels in the ventromedial coltor neurons (Ericson et al., 1997), running on either side of the fp ( Figure 6A ). Similar to Mash1 and MATH-3, the umn were reduced, approaching those in r1, and expression in the two other longitudinal stripes was downregucolumns were thicker at the r4 level. In Hoxa2 Ϫ/Ϫ mutants, Nkx2.2 displayed a normal distribution (data not shown). lated although not abolished. In contrast, in Hoxb2 
lines). (C-E) Dorsal views of flat-mounted wild type (C) and Hoxb2
Ϫ/Ϫ (D) and Hoxa2 Ϫ/Ϫ (E) mutant hindbrains hybridized with a Phox2b probe. In wild type, (C), Phox2b is expressed in two ventral columns, broader in r2 and r4, containing the developing Vth and VIIth nerve motor nuclei, respectively. Dorsally, another set of stripes extend from r2 to r6. Phox2b is also expressed in a stripe of differentiating neurons in the dorsal aspect of r1, representing the lc. In Hoxb2 Ϫ/Ϫ mutants (D), a reduction of the ventral column of Phox2b-expressing cells is observed in r4, now appearing as thick as in r2 (dashed line). In Hoxa2 Ϫ/Ϫ mutants (E), a selective lack of the r2-r3 portion of the lateral stripes is observed (arrowheads), while expression is still present ventrally, appearing even broader than in wild type. As the position of the pf is shifted posteriorly (compare white arrows), the r2-r3 ventral aspects appear included within a caudally extended r1 territory, suggesting mixed or nonhomogeneous segmental identities along the D-V axis. The r1-specific developing lc also appears to extend more caudally, with cells facing the r2 ventral column of Phox2b-expressing cells. This is confirmed by hybridization with the lc-specific marker DBH (F and G), suggesting that part of the r1 character has been extended posteriorly in Hoxa2 The 2H3 antibody also labeled the llt (Clarke and Lumsexpression as an lc-specific marker ( Figures 6F and 6G) . den, 1993), composed of descending tectobulbar and These results suggest that part of the r1 character has tectospinal axons, ascending and descending axons been extended posteriorly. However, there was no corfrom hindbrain, and sensory neuron axons ingressing responding lack of r2-r3 expression in the most ventral from the periphery ( Figure 7C ). In Hoxa2 Ϫ/Ϫ mutants, columns of Phox2b expression, which included the dealterations were found in llt pathfinding in the r2-r3 reveloping Vth cranial nerve motor nuclei (Pattyn et al., gion ( Figure 7D, arrowheads) . Numerous axon fascicles 1997). Instead, at both 9.25 and 10.5 dpc expression was abruptly terminated at the level of the r2 exit point and actually stronger and broader in the r2 ventral columns did not run through the alar plate in r3. The few axon ( Figures 6E and 6I) . At 9.25 dpc, Phox2b-expressing fascicles in alar r3 appeared to avoid the most lateral cells were found in more dorsal positions ( Figure 6I , region and converged at the r2 exit point. In the r2-r3 arrows), indicating that ventral progenitors and/or early region, the most lateral axons are the facial and vestibdifferentiating neurons were being generated in ectopic ulo-acoustic sensory axons ingressing r4 and running locations or were prematurely migrating dorsally. Thus, rostrally, as well as the trigeminal afferents ingressing included within the caudally extended r1 territory were r2 and running caudally (Clarke and Lumsden, 1993).
Phox2b expression patterns resembling those normally
We used retrograde dye labeling at 10.5 dpc to investifound in the ventral aspects of r2 and r3. This suggests gate the Vth and VIIth ganglion sensory neuron projecthat mixed or nonhomogeneous segmental identities tions in Hoxa2 
Discussion
We examined Hoxa2 and Hoxb2 functions in hindbrain patterning. Single and double mutant analysis showed that the normal number of segments form, but boundaries between r1 and r4 are incorrectly generated at later stages, suggesting changes in rhombomere segmental identities. We focused on rhombomere-specific changes in neurogenesis by examining expression of transcription factors controlling the fate and differentiation of neuronal precursors (Figure 8) . We find that Hoxa2 and Hoxb2 are coupled to both A-P and D-V patterning and identify genetic cascades linking Hox-mediated patterning to neurogenesis in the developing hindbrain. These observations correlate with Hoxa2 and Hoxb2 transcripts being differentially distributed along the D-V axis in columnar domains during neurogenesis and raise a number of interesting issues. 
Hoxa2 and Hoxb2 Are Not Required for r3-r5 Segmental Generation

arrows). In mutants (H), the number of D-V neuronal distribution is abnormal (arrows). The r2 exit points in such migrating neurons appears greatly diminished in r5 (arrows). mutants are strongly reduced, as seen by the converging trajectories
Moreover, a few laterally migrating r3 motor neurons incorrectly of motor axons (brackets in [D] ). Furthermore, a lack of staining is project to the r4 exit point (arrowhead). To gain insights into the genetic cascade regulating neuronal cell fate downstream of Hoxa2 and Hoxb2, we derepression of some ventral progenitor markers whose expression may expand in the territory normally occuanalyzed the spatial distributions of several transcription factors normally expressed in dorsoventrally restricted pied by Pax6. In this respect, it is noteworthy that the ventral expression domains of Phox2b extended to longitudinal columns of neuronal progenitors (Mash1, ngn2, Phox2b, Nkx2.2) and immature neurons (MATH-3) slightly more dorsal positions in Hoxa2 Ϫ/Ϫ mutant r2 (Figure 6I) . In addition, r2 motor neurons may be located in (Figures 5, 6, and 8 ). In addition, we investigated neuronal differentiation both at the cellular level (retrograde slightly more dorsal positions than in wild type already at an early developmental stage (Figures 7A-7D) .
dye labeling and antineurofilament antibody staining; Little is known about the mechanisms integrating A-P ample, we show that the r2-r3 portion of the Phox2b-and D-V positional information with the neurogenic proexpressing dorsal column is already lacking at 9.25 dpc grams that enable the generation of distinct neuronal in Hoxa2 Ϫ/Ϫ mutants ( Figure 6I ), suggesting that Phox2b types at stereotypic positions within the developing early activation is dependent on Hoxa2 in that region neural tube. Here, we show that during neurogenesis, and therefore raising the possibility of Phox2b being a Hoxa2 and Hoxb2 differentially control alar and basal direct Hoxa2 target.
In conclusion, our results may provide insights into the plate development within distinct rhombomeres. Hoxa2 
